Iron is an essential element for the hyperthermophilic archaeon Pyrococcus furiosus, and many of its iron-containing enzymes have been characterized. How iron assimilation is regulated, however, is unknown. The genome sequence contains genes encoding two putative iron-responsive transcription factors, DtxR and Fur. Global transcriptional profiles of the dtxR deletion mutant (⌬DTXR) and the parent strain under iron-sufficient and iron-limited conditions indicated that DtxR represses the expression of the genes encoding two putative iron transporters, Ftr1 and FeoAB, under iron-sufficient conditions. Under iron limitation, DtxR represses expression of the gene encoding the iron-containing enzyme aldehyde ferredoxin oxidoreductase and a putative ABC-type transporter. Analysis of the dtxR gene sequence indicated an incorrectly predicted translation start site, and the corrected full-length DtxR protein, in contrast to the truncated version, specifically bound to the promoters of ftr1 and feoAB, confirming its role as a transcription regulator. Expression of the gene encoding Ftr1 was dramatically upregulated by iron limitation, but no phenotype was observed for the ⌬FTR1 deletion mutant under iron-limited conditions. The intracellular iron concentrations of ⌬FTR1 and the parent strain were similar, suggesting that under the conditions tested, Ftr1 is not an essential iron transporter despite its response to iron. In contrast to DtxR, the Fur protein appears not to be a functional regulator in P. furiosus, since it did not bind to the promoters of any of the iron-regulated genes and the deletion mutant (⌬FUR) revealed no transcriptional responses to iron availability. DtxR is therefore the key iron-responsive transcriptional regulator in P. furiosus.
T he hyperthermophilic anaerobic archaeon Pyrococcus furiosus
has an optimal growth temperature of 100°C (1) . It is of biotechnological interest as a source of highly thermostable enzymes and because of its ability to produce hydrogen gas (2, 3) . It is well established that the organism requires iron for efficient growth, and a number of iron-containing enzymes involved in the primary metabolic pathways of P. furiosus have been characterized. These include three hydrogenases (MBH, SHI, and SHII) (4, 5) , which are involved in hydrogen metabolism, superoxide reductase (SOR) and rubrerythrin, which are involved in the response to oxidative stress (6, 7) , and the primary redox proteins, ferredoxin and rubredoxin, both of which contain iron (8, 9) . Furthermore, ferritin and Dps of P. furiosus have been shown to be potential iron storage proteins, and the elemental-sulfur-induced protein A (SipA) was found to sequester intracellular iron and sulfide when iron and sulfur were present in the growth medium (10) (11) (12) . Given the abundance of iron-containing proteins in this organism, the goal of the present study was to understand its response to iron availability.
Iron metabolism is usually tightly regulated in aerobic organisms at the transcriptional level due to potential oxidative damage. In the presence of oxygen, the solubility of ferric iron is extremely low and excess iron can react with reactive oxygen species to generate radicals via Fenton chemistry, leading to damage of DNA, proteins, and fatty acids (13) . However, in an anaerobic environment, iron is expected to remain mostly in the ferrous form, which is readily soluble and accessible, and the likelihood of oxidative damage is minimized. It has been reported that the global transcription profiles of the hyperthermophilic archaeon Thermococcus kodakarensis, a close relative of P. furiosus, were similar under iron-sufficient and iron-limited conditions, suggesting a lessthan-stringent response to iron availability (14) . Similar nonresponsive transcriptional effects of iron were also observed with the obligately anaerobic and mesophilic bacteria Coxiella burnetii and Dichelobacter nodosus (15, 16) .
To study the regulation of iron metabolism in P. furiosus, we first searched its genome for genes encoding potential iron-responsive transcriptional regulators. Homologs of the bacterial transcription factors Fur and DtxR were found, while homologs of other previously identified regulators, including RirA, Rrf2, Aft1, Aft2, and IRP, were absent (17) (18) (19) . Both DtxR and Fur are known to regulate the transcription of genes involved in iron metabolism, including transporters and storage proteins, and their homologs are widespread in many bacterial species (18, 20) . As might be expected, DtxR homologs can be found in all members of the Thermococcaceae. The DtxR in T. kodakarensis is a potential regulator of the production of FeoAB and ferritin according to transcriptional analysis of a deletion mutant. However, the DtxR protein does not bind to the promoters of feoAB or ferritin genes based on electrophoretic mobility shift assays (14) . In contrast, and for unknown reasons, Fur is poorly conserved in the Thermococcaceae, as it is found only in P. furiosus, Thermococcus barophilus (82% similarity to P. furiosus Fur), and T. kodakarensis (86% similarity to P. furiosus Fur). The fur homolog in T. kodakarensis contains a frameshift mutation that results in the expression of a truncated protein; however, correcting the frameshift in vivo did not affect the iron response or the transcription of any genes (14) .
Utilizing the genetic system recently established for P. furiosus (21), we constructed deletion mutants of the putative iron-responsive transcription factors DtxR and Fur in order to investigate their roles in iron metabolism by global transcriptional analyses. Their abilities to bind to the promoters of the iron-responsive genes were also examined, and a deletion of the gene encoding the iron permease Ftr1 was also constructed to investigate its function. The results provide the first insights into how iron assimilation is regulated in a hyperthermophilic archaeon.
MATERIALS AND METHODS
Protein expression and purification. The vectors containing the PF1194 sequence, encoding Fur (genome coordinates 1138175 to 1138558), the PF0851 sequence, predicted by NCBI to encode the truncated DtxR (genome coordinates 824720 to 825121), and the PF0851 sequence, containing the correct translation start (genome coordinates 824684 to 825121), were constructed using pET24dBAM. The pET24dBAM vector harboring the clones was a derivative of pET24d (Novagen), which was modified to incorporate an N-terminal His 6 -tag on the expressed protein. The clone was under the control of the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible T7 promoter and was transformed into BL21-CodonPlus(DE3)-RIPL cells (Stratagene) according to the manufacturer's protocol. Cells were grown in Luria-Bertani broth (Fisher Bioreagents) to an optical density at 600 nm (OD 600 ) of 0.8 to 1.0, and expression was induced with 1 mM IPTG. Cells were harvested 4 h after induction and suspended in 20 ml binding buffer (20 mM sodium phosphate, 0.5 M NaCl, pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10 mM ␤-mercaptoethanol (Sigma). Cells were sonicated briefly and centrifuged for 60 min at 21,000 rpm in a Beckman JA25.5 rotor. The recombinant protein in the supernatant fraction was purified using a 1-ml HisTrap FF column (GE Healthcare) on the Äkta purifier system (Amersham Bioscience) according to manufacturer's instructions. The column was washed with eluting buffer (20 mM sodium phosphate, 0.5 M NaCl, 0.5 M imidazole, pH 7.4) with a 25-ml 0 to 100% gradient. Purified fractions were pooled and buffer exchanged into 20 mM sodium phosphate-150 mM NaCl, pH 7.4. The resulting proteins were estimated to be Ͼ95% pure in SDS-PAGE (Bio-Rad). Protein concentrations were determined by the Bradford method (Bio-Rad protein assay kit).
Gel filtration. Gel filtration was carried out using a Superdex75 HiLoad 16/60 preparative-grade column (GE Healthcare) to determine the quaternary structures of His-tagged Fur and DtxR. The column was washed with one column volume of 50 mM sodium phosphate containing 0.05 M NaCl (pH 7.3) and then equilibrated with two column volumes of 50 mM sodium phosphate containing 0.15 M NaCl (pH 7.3) at a flow rate of 1.5 ml/min. Carbonic anhydrase (29 kDa, 3 mg/ml; Sigma-Aldrich) and albumin (66 kDa, 5 mg/ml; Sigma-Aldrich) were used as protein standards to determine approximate molecular masses.
EMSA. The putative promoter regions (position Ϫ200 to ϩ50 from ATG) of ftr1, feoAB, fur, dtxR, and a gene unrelated to iron metabolism (PF0849) were PCR amplified from P. furiosus genomic DNA. Incubation of DNA with protein was carried out in 10 l electrophoretic mobility shift assay (EMSA) buffer (20 O (Sigma) . The final concentration of the metal ion or EDTA in EMSA was 50 M. Although the assay was carried out aerobically, it was shown that that ferrous iron added remained in the ferrous form over the duration of the EMSA using bathophenanthroline disulfonate, which specifically chelates ferrous iron. For EMSA with heparin, 10ϫ stocks containing 2 to 20,000 ng l Ϫ1 heparin were prepared. Reaction mixtures were incubated at 60°C for 20 min and immediately loaded onto a 5% Tris-borate-EDTA (TBE) Ready gel (BioRad). Gels were stained with ethidium bromide and imaged via UV transillumination.
Media and growth conditions. The P. furiosus strains used or constructed in this study are listed in Table 1 . The maltose-based growth medium was the same as previously reported (22) except that no elemental sulfur was added and the 1,000ϫ trace minerals solution was made without FeCl 3 and used as the iron-limited medium. This medium contained Ͻ0.5 M Fe as determined by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7500ce instrument. The ironsufficient medium was made by adding 10 M (NH 4 ) 2 Fe(SO 4 ) 2 · 6H 2 O to the iron-limited medium. All the auxotrophic strains (COM1, ⌬FUR, and ⌬FTR1) were grown in medium containing 20 M uracil. The inocula underwent three successive transfers in the iron-limited medium to eliminate intracellular iron stores. Cell growth was measured either by optical density or by protein determination. Experiments to determine the effects of iron on cell growth were carried out in biological triplicate in 125-ml serum bottles with 80 ml medium at 98°C. All glassware used in growth experiments was washed in 2% (vol/vol) nitric acid overnight and rinsed with ultrapure water.
RNA isolation and cDNA synthesis. RNA was obtained from 500-ml cultures harvested at exponential phase for quantitative PCR and microarray analyses. Total RNA was extracted from P. furiosus cells using acid-phenol and further purified by a second acid-phenol extraction. Contaminating DNA was digested by Turbo DNase (Ambion) treatment for 30 min at 37°C, and the RNA was acid-phenol extracted again. cDNA synthesis for microarray analyses was prepared using the AffinityScript quantitative PCR (qPCR) cDNA synthesis kit (Agilent) according to protocol except that the cDNA synthesis reaction was carried out at 42°C for 4 h. The cDNA products were used directly for qPCR. For DNA microarray analyses, base hydrolysis of RNA was performed and cDNA was purified by phenol-chloroform extraction and ethanol precipitated before use.
Construction of gene deletions. Deletions of fur (PF1194) and ftr1 (PF0723) were constructed with 1-kb flanking regions joined by spliceoverlap extension (SOE)-PCR (23) and cloned into pGLW015 containing the P gdh pyrF cassette for prototrophic selection. The deletion of dtxR (PF0851) was constructed by SOE-PCR with 1-kb flanking regions on either side of the P gdh pyrF cassette. Plasmid deletion constructs for fur and ftr1 were transformed into P. furiosus COM1 (⌬pyrF), with selection for uracil prototrophy on solid defined medium followed by counterselection for loss of the plasmid using 5-fluoroorotic acid (5-FOA) resistance as previously described (21) . The PCR product containing a deletion of dtxR was transformed directly with selection for uracil prototrophy, resulting in marker replacement. The COM1c2 strain was constructed to restore the ⌬pyrF allele in the COM1 strain to the wild type as previously described (24) . DNA was extracted from transformants as previously described (21) and screened for deletion by PCR amplification of the locus using primers outside the homologous flanking regions used to construct the deletions. Isolates containing the deletions were further colony puri- fied by serial passage on solid medium. PCR products amplified from the target regions were sequenced, and quantitative PCR was used to verify the deletions. qPCR. Quantitative PCRs (qPCRs) were carried out in technical triplicate using an Mx3000P instrument (Agilent) and the Brilliant SYBR green qPCR master mix (Agilent). The constitutively expressed gene encoding the pyruvate ferredoxin oxidoreductase (POR) gamma subunit (PF0971) was used as an internal control. The comparative cycle threshold method was used to analyze the resulting data, which are expressed as a ratio of the change in gene expression (n-fold).
DNA microarray analyses. The COM1c2 and ⌬DTXR strains (500 ml) were grown in iron-sufficient and iron-limited media in duplicate and harvested at a cell density of ϳ4 ϫ 10 7 cells/ml. cDNA was labeled using the Alexa Fluor labeling kit (Invitrogen) with Alexa dye 546, 594, or 647. The labeled cDNA was purified using Micro Bio-Spin chromatography columns (Bio-Rad) according to the manufacturer's instructions. Differentially labeled cDNAs derived from the same strain grown in iron-sufficient or iron-limited medium were combined and hybridized to the microarrays. Microarray analysis was performed as previously described (25) . Each log 2 value represents an average from four hybridization experiments performed using cDNA derived from four different cultures, two grown under iron-limited conditions and two grown under ironsufficient conditions. Intracellular iron content. The COM1 and ⌬FTR1 strains were grown and transferred in the iron-limited medium three times to eliminate intracellular iron stores. These were then used to inoculate ironsufficient and iron-limited media (500 ml), and cells were harvested in exponential phase (ϳ3 ϫ 10 7 cells/ml) and stationary phase (ϳ2 ϫ 10 8 cells/ml). Pellets were washed three times with base salt solution (22) containing 1 mM EDTA and once with the base salt solution to remove extracellular traces of metals. Cells were lysed using buffer containing 20 mM sodium phosphate (pH 7.4) at a ratio of 3 ml per gram of cells. Extracts were incubated at room temperature with vigorous shaking for 30 min. Lysates were then centrifuged at 72,000 ϫ g for 1 h, and the supernatant was collected. The intracellular iron content of cells grown from various conditions was analyzed by ICP-MS in technical triplicate. The iron contents measured by ICP-MS were normalized to the protein concentration of each sample.
RESULTS

Growth of DtxR and Fur deletion mutants.
Optimal growth of P. furious in the standard maltose-containing medium required 10 M iron, and the cell yield decreased by about half when the iron concentration was decreased to 0.5 M (see Fig. S1 in the supplemental material). These were therefore taken to represent ironsufficient and iron-limited conditions, respectively. To investigate the possible roles of DtxR and Fur as iron-responsive transcription factors in P. furiosus, strains containing deletions of the dtxR (⌬DTXR) and fur (⌬FUR) genes were constructed and were cultured in iron-sufficient (10 M Fe) and iron-limited (0.5 M Fe) media. Strain ⌬FUR was compared with the parent strain COM1 (both lack the pyrF marker and require uracil for growth), while ⌬DTXR (a marker-replaced deletion mutant containing pyrF) was compared with COM1c2 (the COM1 strain containing a restored pyrF locus). Growth of all strains under iron-sufficient conditions reached a significantly higher cell density than growth under iron-limited conditions, but ⌬DTXR and ⌬FUR did not exhibit any growth phenotypes compared to the parent strains ( Fig. 1a; see Fig. S2 in the supplemental material). Effect of iron availability on the transcription profile of the parent strain. The parent strain COM1c2 was grown under ironlimited and iron-sufficient conditions to late log phase, and transcriptional analysis was carried out using a whole-genome DNA microarray (see Tables S1 and S2 in the supplemental material). Expression of genes encoding the putative iron transporters Ftr1 (PF0723) and FeoAB (PF0857-PF0858) was significantly upregulated by iron limitation (by 3.1-and 2.0-fold, respectively). The expression of a putative phosphate transporter encoded by PF1020-PF1021 also increased by approximately 3-fold in response to iron limitation. PF1020 is homologous to the sodiumdependent phosphate transporter Pho-4 in Neurospora crassa, the transcription of which is increased in the presence of Na ϩ (26). The PF1020-PF1021 transporter system therefore appears to be associated with iron uptake, although its physiological role is unclear. The genes whose expression was downregulated by iron limitation included that encoding the iron-sulfur cluster-containing enzyme aldehyde ferredoxin oxidoreductase (AOR) (by 3-fold), a known tungsten-containing protein that oxidizes aldehydes and is proposed to be involved in fermentative pathways (27) . aor is one of the most highly expressed genes under iron-sufficient growth conditions, with AOR representing about 1% of the total soluble protein in P. furiosus (28) . Hence, the downregulation of aor could spare iron when iron availability is limited. Expression of the gene encoding peroxiredoxin (PF1033) decreased by 4.3-fold under iron limitation. Although PF1033 is not predicted to be an ironcontaining protein, the gene encoding it is also upregulated by oxidative stress (hydrogen peroxide) (29) . Bacterial peroxiredoxins are peroxidases that catalyze the reduction of hydrogen peroxide, organic hydroperoxides, and peroxynitrite at their cysteinecontaining active sites. The homolog in the related species Pyrococcus horikoshii (PH1217) catalyzes the reduction of cumene hydroperoxide, and its expression is also regulated by oxidative stress (30) . The downregulation of PF1033 during iron limitation is likely due to a decrease in the concentration of highly reactive oxygen species generated by iron-dependent Fenton reactions, suggesting that P. furiosus downregulates its scavenging system when cells are less threatened by oxidative stress.
Iron limitation also caused decreased expression (by about 2-fold) of the genes encoding three ABC-type transporters, which are potentially involved in peptide (PF0191-PF0196), cobalt (PF0528-PF0531), and sugar (PF1936-PF1938) transport. The gene cluster PF1936-PF1938 encodes one of the two sugar-specific transporters in P. furiosus and recognizes maltodextrins with high specificity but not maltose. It has been shown previously that both the maltodextrin-specific transporter (Mal-II) and the trehalose/ maltose-specific transporter (PF1739-PF1742) (Mal-I) are induced when grown on maltose, even though Mal-II does not transport maltose (31) . On the other hand, expression of the Mal-II operon decreases with iron limitation, while Mal-I appears to be constitutively expressed.
Transcription analysis of a DtxR deletion mutant and regulation by DtxR. To provide insight into the regulatory targets of DtxR, the transcriptional profiles of the ⌬DTXR deletion strain were compared with those of the parent strain COM1c2. In ⌬DTXR, the transcription of genes that were originally under the control of DtxR in response to iron was predicted to be independent of iron. Indeed, a more limited transcriptional response to iron was seen in the ⌬DTXR strain than in COM1c2, with significantly fewer genes regulated by iron (by greater than 2-fold) in the deletion strain (see Tables S1 and S2 in the supplemental material). The remaining iron-responsive genes in ⌬DTXR were all found to be similarly regulated in COM1c2. Therefore, the genes that no longer respond to iron in ⌬DTXR were considered potentially regulated by DtxR.
The expression levels of genes encoding the iron transporters Ftr1 and FeoAB were similar under iron-limited and iron-sufficient conditions in ⌬DTXR, indicating that these two genes are regulated by DtxR. The decrease in the expression of AOR (PF0346) in ⌬DTXR in response to limiting iron is 1.8-fold, which is significantly different from that in COM1c2 (3.0-fold). The regulation of putative phosphate and cobalt transporters PF1020-PF1021 and PF0528-PF0531 was also muted in ⌬DTXR. The regulation of the alpha subunit of ACSII (PF1085) by iron also differs in the two strains, even though there is no obvious relevance to iron metabolism. Several genes of unknown function, including PF1085.1 and PF1951, were also differentially regulated in ⌬DTXR; however, there is no evidence to suggest that there is any direct relationship between these genes and iron metabolism in P. furiosus. Presumably, the response of these genes to iron is caused by a secondary, as-yet-unknown regulatory system. Quantitative PCR confirmation of the genes differentially regulated in COM1c2 and ⌬DTXR by microarray analysis showed a generally similar pattern of iron-responsive regulation, except for PF1085, the transcription of which was not regulated by iron as judged by qPCR (Table 2) . To reveal the effect of DtxR on gene expression, transcription levels were also compared between strains. The expression levels of the genes encoding Ftr1 and FeoAB were similar under iron-limited conditions in the ⌬DTXR and COM1c2 strains, while under iron-sufficient conditions, their expression in COM1c2 was decreased compared to that in ⌬DTXR (Fig. 1b) . This indicates that DtxR likely functions as a transcriptional repressor for the Ftr1 and FeoAB genes under iron-sufficient conditions. In contrast, the expression of AOR and PF0531 in ⌬DTXR was significantly higher than that in COM1c2 under iron-limited conditions, suggesting that DtxR represses the transcription of AOR and PF0531 when iron is limited. The gene PF1020 seems not to be regulated by DtxR, since its transcription levels in COM1c2 and ⌬DTXR were similar under all conditions.
Regulation of transcription by Fur. The iron-responsive regulation of putative iron transporters was measured in ⌬FUR and the parent COM1 strain using quantitative PCR. The transcription levels of ftr1, feoAB, and the other putative iron transporter genes (Table 1) were similarly regulated in the deletion and parent strains in response to iron, indicating that Fur is not likely to be an effective iron-responsive regulator in P. furiosus. It was also shown that Fur has no effect on transcription of dtxR, which encodes the other putative iron-responsive regulator (see Fig. S1 in the supplemental material).
DNA binding of recombinant P. furiosus DtxR and Fur proteins. Sequence analysis of P. furiosus DtxR along with homologs in other members of the Thermococcaceae suggested that the translation start site predicted by the NCBI and TIGR databases was incorrect (see Fig. S3a in the supplemental material ). An analysis of the upstream sequence of the P. furiosus DtxR gene revealed an alternative start codon, TTG, which is a less common start codon than ATG but is known to be functional in other genes (32) . The new start site results in an additional 12 amino acids at the N terminus, and these exhibited sequence similarity with the DtxR homologs in the other members of the Thermococcaceae.
Recombinant DtxR and Fur were expressed in Escherichia coli. For DtxR, both the NCBI-predicted "truncated" protein (t-DtxR) and the full-length protein (DtxR) were produced. Gel filtration results showed that all of these proteins form dimers in solution (data not shown). The DNA-binding abilities of t-DtxR, DtxR, and Fur were examined using EMSA. The upstream regions containing the putative promoters of the iron transporter genes ftr1 and feoAB were selected as binding targets, since their transcription is regulated by iron according to microarray and qPCR data. However, while no binding was observed for t-DtxR and Fur (see Fig. S4 in the supplemental material), mobility shifts were observed for full-length DtxR (see Fig. S5 , lanes 1 to 5, in the supplemental material), indicating that it is able to bind to both promoters to form specific protein-DNA complexes and confirming that the N-terminal "extension" in DtxR is essential for its DNA-binding ability. Addition of iron to the EMSA mixture did not change the binding of DtxR, indicating that the recombinant protein already contains iron. The ability of Fur to bind to its own promoter was also investigated. However, no mobility shift was observed when Fur was incubated with the upstream region of fur with and without iron, nickel, manganese, or zinc (data not shown), indicating that Fur does not appear to regulate its own expression.
To verify that the binding between (full-length) DtxR and the promoters of ftr1 and feoAB was the result of specific protein-DNA interactions, heparin, a DNA structural analog, was used in EMSA as a nonspecific competitor (33) . The protein concentration was kept at 3.2 M, which was sufficient to cause a shift in the mobility of 100 nM DNA, while heparin was added at from 0.2 to 2,000 ng l Ϫ1 . The promoter of gene PF0849 was used as a negative control. Although DtxR binds to this promoter at high protein concentrations, no specific mobility shifts were generated, and the binding did not occur with a heparin concentration of 20 ng l Ϫ1 (see Fig. S5 , lanes 6 to 10, in the supplemental material). In comparison, specific DtxR-binding complexes with the ftr1 and feoAB promoters were observed even with increasing heparin concentrations and were not prevented until the heparin concentration reached 2,000 ng l Ϫ1 , indicating a higher affinity of DtxR for these promoters.
The binding of DtxR with promoters of the AOR and PF0531 genes, the transcription of which appears to be regulated by DtxR under iron-limited conditions, was also examined. However, DtxR was not able to bind these promoters, and the addition of either EDTA or the divalent metals Fe 2ϩ , Zn 2ϩ , Mn 2ϩ , and Co 2ϩ had no effect on binding. Binding of DtxR to its own promoter was also examined. Again, no specific binding complex was observed, suggesting that DtxR is not autoregulated (data not shown). Role of Ftr1 in iron acquisition. The putative iron permease Ftr1 was thought to play an important role in iron uptake in P. furiosus, since microarray data indicated that its gene was the most highly upregulated iron transporter gene in response to iron limitation. Therefore, a mutant with a deletion of the ftr1 gene was constructed (⌬FTR1) to study the role of Ftr1 in iron transport. ⌬FTR1 and the parent strain COM1 were grown in iron-sufficient and iron-limited media (Fig. 2a) . Surprisingly, ⌬FTR1 displayed no growth phenotype associated with iron limitation. To rule out the chances of Ftr1 being involved in the transport of other metals, a metal-limited medium omitting all the trace minerals was used; however, the growth of ⌬FTR1 and that of the control strains were still very similar (data not shown).
The intracellular iron contents of ⌬FTR1 and COM1 under iron-sufficient and iron-limited growth conditions were determined by ICP-MS analyses (Fig. 2b) . Cells removed from cultures in exponential phase grown under iron-sufficient and iron-limited conditions had similar intracellular iron concentrations. During stationary phase, the intracellular iron concentration in iron-sufficient medium was up to 3-fold higher, while in the ironlimited medium, the iron content remained at the same level as during log phase. Despite the differences in intracellular iron concentration observed at different growth phases for the two types of medium, the intracellular iron content of ⌬FTR1 was not significantly different from that of COM1 in either case. The expression of other genes encoding putative iron transporters was not significantly different in ⌬FTR1 and COM1 (see Fig. S6 in the supplemental material). Therefore, it appears that while other transporters are able to compensate for the lack of Ftr1 under the growth conditions tested, their expression levels do not change in response to the loss of Ftr1.
DISCUSSION
We conclude from the results of the transcriptomic studies of gene deletion strains and sequence-specific DNA-binding properties of the recombinant protein that DtxR is a major iron-responsive transcription factor in P. furiosus (see Fig. S7 in the supplemental material). It binds directly to the promoter regions of the genes encoding two putative iron transporters, ftr1 and feoAB. The expression of Ftr1 and FeoAB increases under iron-limited condi- tions only when DtxR is present. DtxR is also required for downregulating the expression of AOR and the putative ABC-type cobalt transporter PF0528-PF0531 under iron-limited conditions. However, we did not detect any DNA binding by the recombinant DtxR protein to the promoters of their genes, indicating that the regulation is indirect in response to iron, possibly caused by a secondary response triggered by DtxR.
On the other hand, Fur is not likely to be a functional irondependent transcription factor in P. furiosus, since none of the iron-responsive genes were differentially regulated in the fur deletion strain. The lack of an iron-responsive function for Fur in P. furiosus was not completely unexpected, given that when Fur was restored to a T. kodakarensis strain, there was no regulatory function in response to iron according to DNA microarray analyses (14) . Fur is a member of a large protein family that includes regulators that are responsive to iron (Fur), manganese (Mur), zinc (Zur), nickel (Nur), and hydrogen peroxide (PerR). Sequence alignments and, particularly, comparing the metal-binding residues show that P. furiosus Fur is distinct from the Mur, Zur, and Nur proteins although not from members of the PerR subfamily (34) . Accordingly, it was shown here that P. furiosus Fur did not bind to the promoter of its own gene in the presence of Fe 2ϩ , Zn 2ϩ , Mn 2ϩ , or Ni 2ϩ ions. Although it cannot be ruled out that Fur has a PerR-like function and plays a role in oxidative stress, expression of fur was not affected by the addition of hydrogen peroxide (29) . Fur is poorly conserved not only in the Thermococcaceae but in Euryarchaeota in general, and its function in only a limited number of species is not clear at present.
Homologs of the iron-responsive transcription factor DtxR found in P. furiosus are present in all members of the Thermococcaceae. P. furiosus DtxR bound to the promoters of ftr1 and feoAB and repressed the expression of these genes under iron-sufficient growth conditions. The sequence of P. furiosus DtxR has similarity to that of the manganese transport regulator MntR (60% identity) in Bacillus subtilis (see Fig. S3b in the supplemental material), and these similarities include the metal ion-binding residues (35, 36) . The protein sequence of P. furiosus DtxR predicted by the databases does not contain a 12-amino-acid N-terminal sequence that is conserved in B. subtilis MntR and all other DtxR homologs in the Thermococcaceae and was shown here to be required for binding promoter DNA. Interestingly, two of the metal-binding sites characterized in B. subtilis MntR (E8 and E11) reside within the N-terminal 12 amino acids not present in the truncated DtxR protein. Mutating the metal-binding residues has been reported to modify DtxR metal selectivity and responsiveness, as the metalbinding site helps drive quaternary structural changes and mediate the coupling between the metal-and DNA-binding sites (37) . Hence, it is not surprising that the N-terminal region of P. furiosus DtxR is essential for it to function as an iron-responsive regulator.
In most aerobic bacteria, a large number of genes are regulated by iron-responsive transcription factors such as Fur and DtxR. For example, in E. coli, the global transcription factor Fur regulates the transcription of over 100 genes involved in iron and energy metabolism in response to iron (38) . Similarly, in Corynebacterium glutamicum, DtxR regulates the expression of 64 genes encoding iron transporters, iron-containing proteins, and transcriptional regulators (39) . In the anaerobe P. furiosus, however, there seems to be a much smaller set of genes regulated by DtxR, and Fur does not appear to play any role in iron metabolism. Similar results have been reported for several other anaerobes. The pathogenic bacterium Coxiella burnetii lacks annotated iron acquisition and storage systems, and its Fur regulon consists of three genes (the iron transporter gene feoB, a gene encoding a putative cation efflux protein, and a gene predicted to encode an iron-binding protein) (15) , indicating that iron-dependent transcriptional regulation plays a minor role in iron metabolism. In Dichelobacter nodosus, the Fur regulon includes genes encoding two putative iron transporters (YfeA and CbiK) and a manganese superoxide dismutase (SodA) (16) . In the sulfate-reducing bacterium Desulfovibrio vulgaris, numerous genes respond to iron limitation, but only a few of them are regulated by Fur in response to iron, while the regulatory pathway for the rest remains unclear (40) . Thermococcus kodakarensis DtxR regulates the transcription of the putative FeoAB systems, a ZIP family heavy metal transporter, ferritin, and a potential superoxide reductase (SOR) (14) .
Besides iron transporters, the transcription of genes encoding iron storage proteins (ftnA and bfr), iron-sulfur assembly system (the suf operon), and iron-containing proteins is regulated by the iron-responsive transcription factor Fur in E. coli. Homologs of genes encoding ferritin and Suf proteins are found in P. furiosus; however, their gene transcription was not regulated by iron limitation. The upregulation of expression of the suf operon in P. furiosus is a secondary response to elemental sulfur, presumably due to a decrease in the intracellular iron concentration during sulfur reduction (31) . Interestingly, a recent study of an ironsulfur detoxification protein termed SipA in P. furiosus showed that transcription of its gene is regulated by sulfide in an irondependent manner (12) . Our EMSA results for DtxR with the putative sipA promoter showed that a specific binding complex was formed (data not shown), indicating that DtxR is possibly involved in the regulation of sipA in response to iron. On the other hand, the indirect transcriptional regulation of the aor and PF0531 genes by DtxR suggests the presence of secondary regulators, the nature of which is not known. It is known that positive regulation by Fur is often indirectly mediated by Fur-dependent repression of an antisense regulatory small RNA (sRNA), such as RyhB. This RNA acts at the posttranscriptional level to repress expression of a large number of genes encoding iron-containing proteins, resulting in the redistribution of the intracellular iron in a variety of organisms, including E. coli (41) . Other iron-responsive sRNAs include Fur-regulated NrrF in Neisseria meningitidis (42) and PrrF1 and PrrF2 from Pseudomonas aeruginosa (43) . Also, recent study on the regulon of the DtxR family manganeseresponsive regulator MntR in E. coli revealed a protein-encoding small gene, mntS (formerly rybA), the deletion of which perturbs manganese-dependent repression of the manganese transporter gene mntH. However, homologs of none of these iron-responsive secondary regulators are found in the P. furiosus genome, and the mechanism of indirect regulation by DtxR in P. furiosus remains to be determined.
Consistent with the less stringent regulation of iron metabolism in P. furiosus, only a small number of putative iron transporter genes and no genes for siderophore synthesis are found in its genome (see Table S3 in the supplemental material). It was confirmed by a protein-DNA binding assay and microarray analysis that DtxR and/or iron does not regulate any components of the annotated ABC-type iron transporters. Unexpectedly, the most upregulated iron permease, Ftr1, under iron limitation is not essential for iron uptake. Interestingly, a putative iron-binding protein (PF1774) of the ABC-type iron transporter is more highly expressed than other iron transporters in P. furiosus. Moreover, its expression is at a level similar to those of the most highly expressed genes in P. furiosus, including genes encoding the S-layer protein, superoxide reductase, and rubrerythrin. The last two proteins contain iron, are involved in the detoxification of peroxide, and are constitutively expressed at high levels, rather than being regulated by oxidative stress, indicating that P. furiosus is constantly armed against oxidative stress, possibly in order to respond to rapid environmental change (29) . Therefore, the housekeeping protein PF1774 might also play a role in the P. furiosus iron acquisition system. Further studies of the role of PF1774 in iron assimilation are under way.
